Supplementary Figure 5. EDS maps along the GB taken in about 10
minutes with the probe current of 10 pA, with the corresponding intensity profile. The position of the GB is indicated by the arrow. Despite the noisier signal under such short acquisition time, it is still clear enough to identify the anti-correlation of Zr and Y in Mc, L1 and R1 planes. This demonstrate that the segregation structure is an intrinsic behavior. In order to construct a proper calculation model for describing the GB segregation, it is important to consider what physical process during the whole segregation. Supplementary  Figure 2 shows an illustration for the segregation physics. At the beginning, the Y is homogeneously distributed inside the bulk, which is denoted as t0. As the segregation starts with the annealing, Y would segregate at the GB, so that the Y concentration would gradually increase in the GB as time pass by. Note that the change of Y concentration inside the bulk can be neglected since the GB thickness is much lower in several orders than the bulk part (GB is usually at the order of nm while the bicrystal used in this study is at the order of cm in length). Therefore, a schematic illustration could be shown as with the change of time. In order to quantify the above segregation process, we have carried out a series of Monte Carlo (MC) simulations. Since MC simulation could determine the final stable configurations independent of the initial Y positions inside, it is suitable to predict a stable segregated structure. In this study, we have performed a series of MC simulations with different Y concentrations in the whole unit cell, so that each final states corresponds to different GB Y concentration if GB segregation is preferred, and the segregation process could be calculated. For example, pure ZrO2 corresponds to t0 case, and higher Y concentrations correspond to the case of segregation happened for a longer while. Such approach allow us to check the structural change with Y concentration change independently, and therefore provides us the GB segregation driving force more clearly.
Supplementary
In order to check the reproducibility and reliability of our present conclusions, we have performed additional EDS mappings. Supplementary Figure 4 shows a higher magnification EDS maps taken from another TEM sample. It can be clearly seen that the characteristic ordered structure is formed in the GB. Supplementary Figure 5 shows an EDS maps in another GB region acquired in a much shorter acquisition time of about 10 minutes with much weaker probe current of about 10 pA (data shown in the main text is taken by 48 minutes with probe current of 60 pA). Although the signal looks much noisier, the anti-correlation of Zr and Y in Mc, L1 and R1 planes can be clear identified, showing slightly asymmetric distribution, which is consistent with the data obtained for 48 minutes shown in the main text. This not only demonstrate that the segregation behavior is not caused by focused electron beam under the present experimental conditions for YSZ, but also demonstrate that the segregation structure is stable enough under focused electron beam. Therefore, we conclude that the ordered segregation structure is reproducible, and thus, an intrinsic segregation behavior in YSZ GB which is consistent with our conclusion.
Supplementary Note 3. GB segregation energy
The GB segregation energy is evaluated by using △E = EGBS -ERD, where EGBS denotes the energy of ordered segregation structure shown in Figure 4 , and ERD denotes the energy of non-segregation structure (the same amount of Y distributed randomly inside the supercell). △E is normalized by the number of defects (both Y atoms and O vacancies). Negative △E means segregation is energetically favorable. Thirty different configurations for RD model were prepared, and all the △E, corresponds to the Figure 4 (b) -(d), are listed in Supplementary Table 1 . Clearly, △E is negative in all the cases, indicating that GB segregation is energetically favorable.
In addition, we have also evaluated the △E by using first-principles calculations implemented in the VASP code 1 . Exchange-correlation functionals were calculated by applying the generalized gradient approximation (GGA) parametrized by Perdew, Burke, and Ernzerhof (PBE) 2 was used for exchange-correlation functional. The total energy convergence with respect to plane-wave cutoff energy, the number of k-points, fast Fourier transformation was better than 5.0 ×10 -4 eV/atom. A supercell of 54 Å x 6 Å x 7 Å containing 216 atoms was first constructed, and 32 Y atoms and 16 O vacancies were substituted for Zr and O atoms, respectively. The GBS model was first obtained by our combined approaches described in the manuscript (MC simulations combined with lattice static methods implemented in the GULP code 3 , where the Buckingham potential set 4 was used). Then the GBS model and three RD models were optimized by using first-principles calculations. Nevertheless, we find that the GB segregation is energetically favorable in all the cases, with △E to be (-0.68 ± 0.05) eV, showing the same trend with our approaches.
Putting aside less realistic GB modeling for first-principles calculations, those greater values of △E by MC simulations can be fully explained by viewpoints of physics: absence of electronic relaxation and simplified parameterization of the interatomic potentials. Therefore, the results from first-principles calculations further support our conclusions.
